Abstract: Therapeutic effects of continuous intravenous infusions of solvent-free low doses of resveratrol on organ injury and systemic consequences resulting from severe hemorrhagic shock in rats were studied. Hemorrhagic shock was induced by withdrawing arterial blood until a mean arterial blood pressure (MAP) of 25-30 mmHg was reached. Following a shock phase of 60 min, rats were resuscitated with the withdrawn blood plus lactated Ringer's. Resveratrol (20 or 60 µg/kg × h) was continuously infused intravenously starting with the resuscitation phase (30 min) and continued until the end of the experiment (total treatment time 180 min). Animals of the shock control group received 0.9% NaCl solution. After the observation phase (150 min), rats were sacrificed. Resveratrol significantly stabilized the MAP and peripheral oxygen saturation after hemorrhagic shock, decreased the macroscopic injury of the small intestine, significantly attenuated the shock-induced increase in tissue myeloperoxidase activity in the small intestine, liver, kidney and lung, and diminished tissue hemorrhages (particularly in the small intestine and liver) as well as the rate of hemolysis. Already very low doses of resveratrol, continuously infused during resuscitation after severe hemorrhagic shock, can significantly improve impaired systemic parameters and attenuate multiple organ damage in rats.
Introduction
Traumatic hemorrhage, i.e., the rapid and hemodynamically significant loss of intravascular volume, creates great morbidity in the injured [1, 2] and leads to the most frequent cause of preventable deaths after severe traumatic injury [3] [4] [5] [6] [7] . In the acute phase of hemorrhage, the main priority is to stop the bleeding as quickly as possible to prevent hemodynamic instability, tissue ischemia by decreased tissue perfusion and consecutively impaired tissue oxygenation, inflammation, and thus organ dysfunction and eventually death [1, 3] . Of those patients surviving the pre-clinical phase, about 20% suffer from either multi-organ failure or sepsis [3, 6, 8] , resulting in increased morbidity and lethality. An important therapeutic step is to restore the circulating volume. However, the optimal resuscitation strategy as well as the composition of the fluid is still a matter of controversial discussions [3] .
In the present study, a model was used that is close to the current practice for treatment after severe trauma and blood loss in humans according to the Trauma Register of the Deutsche Gesellschaft für Unfallchirurgie [9] [10] [11] . Based on this model, we studied the therapeutic effects of resveratrol (trans-3,4 ,5-trihydroxystilbene), a naturally occurring plant antibiotic (phytoalexine). A fast-growing number of animal and human studies currently focus on the effect of the polyphenol, but the mechanism of action is still unknown, though likely pleiotropic. Among many effects, life extension, attenuation
Induction of Hemorrhagic Shock and Resuscitation Regime
Thirty minutes after inserting the femoral catheters hemorrhagic shock was induced by removing 2 mL blood every 3 min through the femoral artery catheter using a 2-mL syringe (Terumo, Leuven, Belgium) prefilled with 0.2 mL ACD-A solution [10, 11] . Bleeding was continued until the MAP dropped to 25 to 30 mmHg; this typically took about 20 min. During the following 10 min, the MAP was carefully adjusted by sampling of smaller blood volumes (0.5 to 1 mL). The blood was stored in sterile plastic conical tubes at 37 • C. For the next 60 min, the MAP remained between 25 and 30 mmHg, typically without the need of any further intervention during the shock phase. In some individual cases, small amounts (0.1 to 0.5-mL aliquots) of 0.9% NaCl solution had to be administered or additional small blood samples (0.1 to 0.5-mL aliquots) to be withdrawn, to keep the MAP within the desired range. After the shock phase, animals were resuscitated within 30 min by transfusion of the withdrawn blood plus LR (equal to twice the volume of the blood loss; 37 • C) into the jugular vein using a syringe pump (Perfusor-Secura FT; B Braun, Melsungen, Germany).
Resveratrol solutions were prepared as described previously [29] . The polyphenol (1.2 mg) was freshly dissolved in 100 mL of sterile 0.9% NaCl solution. An aliquot of the resveratrol solution was diluted with two volumes of sterile 0.9% NaCl solution to obtain a second (lower concentrated) resveratrol solution; the pH of both resveratrol solutions was adjusted to pH 7.35 with NaOH. Afterwards, resveratrol solutions were filtered through bacteria-tight filters (Minisart ® 0.2 µm; Sartorius, Göttingen, Germany). Animals of the Shock-resveratrol groups received an infusion of 20 or 60 µg/kg × h (cumulative dose: 60 or 180 µg/kg) at 5 mL/kg × h into the femoral vein starting with the resuscitation phase and continued until the end of the experimental time (total treatment time 180 min). A shock control group received only 0.9% NaCl solution without resveratrol; sham group rats, undergoing all procedures except that hemorrhagic shock was induced, received either pure 0.9% NaCl solution (5 mL/kg × h) or resveratrol (60 µg/kg × h). To compensate for fluid loss over surgical areas and the respiratory epithelium, 0.9% NaCl solution (5 mL/kg × h, 37 • C) was infused through the femoral vein catheter until the end of the experiment, if not replaced by the resveratrol solution in corresponding groups [10, 11] .
Experimental Groups
The following experimental groups were compared: -Sham-NaCl group (no shock, 0.9% NaCl solution, n = 8 rats) -Sham-R60 group (no shock, 60 µg resveratrol/kg × h (180 µg/kg), n = 8 rats) -Shock-NaCl group (shock, resuscitation with the withdrawn blood and LR equal to twice the volume of the withdrawn blood, 0.9 % NaCl solution, n = 8 rats) -Shock-R20 group (shock, resuscitation with the withdrawn blood and LR equal to twice the volume of the withdrawn blood, 20 µg resveratrol/kg × h (60 µg/kg), n = 8 rats) -Shock-R60 group (shock, resuscitation with the withdrawn blood and LR equal to twice the volume of the withdrawn blood, 60 µg resveratrol/kg × h (180 µg/kg), n = 8 rats)
The volume of fluid used for resuscitation is based on the well-known 3:1 rule [30] . The withdrawn blood volume was 12.2 ± 0.46 mL (Shock-NaCl group), 12.8 ± 0.60 mL (Shock-R20 group) and 13.5 ± 0.32 mL (Shock-R60 group). The withdrawn blood (37 • C) was co-administered with the prewarmed crystalloid through a neonatal blood filter (200 µm) to prevent the infusion of microclots.
Biomonitoring
Systolic, diastolic and mean arterial blood pressure (MAP) were recorded continuously via the femoral artery catheter that was connected to a pressure transducer, and displayed on a monitor. Ringer's solution was delivered at 3 mL/h to keep the catheter functional. Heart rates were determined from systolic blood pressure spikes. The core body temperature of the rats was continuously monitored using a rectal sensor. Cooling of the animals was prevented by means of an underlying heated operating table and by covering the animal with aluminum foil. The oxygen saturation was recorded continuously using a pulse oximeter (OxiCliq A; Nellcor, Boulder, CO, USA) placed at the left hind limb. The breathing rate was determined based on ventilation movements in 10-min intervals.
Assessment of Blood and Plasma Parameters
Using a 2-mL syringe containing 80 IU (international unit) electrolyte-balanced heparin (Pico50; Radiometer Medical, Brønshøj, Denmark), blood samples (0.7 mL) for blood gas analysis and the assessment of markers of organ injury and function were taken from the femoral artery immediately after its insertion (T = 0 min), before shock induction (T = 50 min), after the end of shock induction (T = 80 min), immediately before the beginning of resuscitation (T = 140 min), at the end of resuscitation (T = 170 
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Assessment of Blood and Plasma Parameters
Using a 2-mL syringe containing 80 IU (international unit) electrolyte-balanced heparin (Pico50; Radiometer Medical, Brønshøj, Denmark), blood samples (0.7 mL) for blood gas analysis and the assessment of markers of organ injury and function were taken from the femoral artery immediately after its insertion (T = 0 min), before shock induction (T = 50 min), after the end of shock induction (T = 80 min), immediately before the beginning of resuscitation (T = 140 min), at the end of resuscitation (T = 170 min), and 30 (T = 200 min), 90 (T = 260 min) and 150 min (T = 320 min) thereafter (Figure 1 ). Figure 1 . Timetable of the experimental procedures. Blood samples (0.7 mL) for blood gas analysis (BGA) and the assessment of markers of organ injury and function were taken from the femoral artery immediately after its insertion (1, T = 0 min; start of biomonitoring), before shock induction (2, T = 50 min), after the end of shock induction (3, T = 80 min; target-MAP 25-30 mmHg reached), immediately before the beginning of resuscitation (4, T = 140 min; start of autologous blood and resveratrol application), at the end of resuscitation (5, T = 170 min), and 30 (6, T = 200 min), 90 (7, T = 260 min) and 150 min (8, T = 320 min; resection of organs, death of rat) thereafter.
For each blood sampling, animals were substituted with a 0.7-mL bolus of 0.9% NaCl solution via the femoral artery (with the additional effect to keep the catheter functional). Arterial blood pH, oxygen and carbon dioxide partial pressures (pO2, pCO2), oxygen saturation (sO2), base excess (BE), hemoglobin (Hb) concentration, hematocrit (Hct), electrolytes (Na + , K + , Ca 2+, Cl − ) and metabolic parameters (lactate, glucose) were assessed with a blood gas analyzer (ABL 715; Radiometer, Copenhagen, Denmark). Blood plasma was obtained by centrifugation (3000× g for 15 min at 25 °C) and stored at 4 °C until its use. The plasma activity of lactate dehydrogenase (LDH) as a general marker for cell injury, aspartate aminotransferase (AST) and alanine aminotransferase (ALT) as markers for liver cell injury, creatine kinase (CK) as a marker for muscle cell injury and the plasma Figure 1 . Timetable of the experimental procedures. Blood samples (0.7 mL) for blood gas analysis (BGA) and the assessment of markers of organ injury and function were taken from the femoral artery immediately after its insertion (1, T = 0 min; start of biomonitoring), before shock induction (2, T = 50 min), after the end of shock induction (3, T = 80 min; target-MAP 25-30 mmHg reached), immediately before the beginning of resuscitation (4, T = 140 min; start of autologous blood and resveratrol application), at the end of resuscitation (5, T = 170 min), and 30 (6, T = 200 min), 90 (7, T = 260 min) and 150 min (8, T = 320 min; resection of organs, death of rat) thereafter.
For each blood sampling, animals were substituted with a 0.7-mL bolus of 0.9% NaCl solution via the femoral artery (with the additional effect to keep the catheter functional). Arterial blood pH, oxygen and carbon dioxide partial pressures (pO 2 , pCO 2 ), oxygen saturation (sO 2 ), base excess (BE), hemoglobin (Hb) concentration, hematocrit (Hct), electrolytes (Na + , K + , Ca 2+, Cl − ) and metabolic parameters (lactate, glucose) were assessed with a blood gas analyzer (ABL 715; Radiometer, Copenhagen, Denmark). Blood plasma was obtained by centrifugation (3000× g for 15 min at 25 • C) and stored at 4 • C until its use. The plasma activity of lactate dehydrogenase (LDH) as a general marker for cell injury, aspartate aminotransferase (AST) and alanine aminotransferase (ALT) as markers for liver cell injury, creatine kinase (CK) as a marker for muscle cell injury and the plasma creatinine concentration as a parameter of renal function were determined with a fully automated clinical chemistry analyzer (Vitalab Selectra E; VWR International, Darmstadt, Germany). The isoenzyme MB of CK (CK-MB), Troponin I and Troponin T values were determined from frozen blood samples. Citrate-blood for measurements of the prothrombin time and international normalized ratio (INR), as well as EDTA-blood for platelet counts were sampled at the end of the experiments (T = 320 min) using 3-mL citrate-and EDTA-monovettes, respectively (Sarstedt, Nümbrecht, Germany); parameters were determined at the central laboratory of the University Hospital Essen based on clinical standards.
Macroscopic Scoring of the Injury to the Small Intestine
After its resection, the small intestine was immediately cut into ten pieces of equal length (9.5-10.5 cm, termed "10-cm segments" below) and rapidly transferred to Petri dishes containing cold (4 • C) buffer (140 mM NaCl, 20 mM HEPES, pH 7.4). The 10-cm segments were cut open along the mesenteric border and spanned with their luminal sides up on styrofoam plates that had been submersed in the buffer. A macroscopic damage score was used to rank the severity of injury by gross observations [29] . The portion of the area (in %) of the different macroscopic damage scores (0, 1, 3, or 9) was considered, a mean value given for each 10-cm segment, and the values of all 10-cm segments were averaged to evaluate the entire small intestine injury.
Tissue Processing for Assays Based on Tissue Homogenates
After the determination of the macroscopic score, each 10-cm segment of the small intestine was cut in the middle and the resulting 20 specimens were dissected with scissors in safe-lock tubes (2.0 mL; Eppendorf, Hamburg, Germany) containing 1 mL cold (4 • C) homogenization buffer on ice (140 mM NaCl, 20 mM HEPES, 1 tablet protease inhibitor mixture/50 mL, pH 7.4). Of the lung, liver and kidney, small pieces were transferred into safe-lock tubes with homogenization buffer as well. The tubes (with steel grinding balls) were placed into a mixer mill (model MM200; Retsch, Haan, Germany) and the specimens homogenized (15 min, 30 oscillations/s). The total volume of the small intestine homogenate was documented for each animal, and homogenates of all organs were weighted and then centrifuged (16,000× g for 15 min, 4 • C). The resulting supernatants were placed on ice and immediately used for the assays below.
Determination of Tissue and Free Plasma Hb
The tissue Hb content of the small intestine, lung, liver and kidney was determined from the absorption of the Hb Soret band within the homogenate supernatants and served as a marker for tissue hemorrhages. The absorption maximum between 400 and 420 nm was determined in 1 mL of the homogenate supernatant, with homogenization buffer serving as a blank. Values were corrected for unspecific absorption/turbidity at 475 nm. The Hb content of the organs was calculated in duplicate based on the molar extinction coefficient of Hb at its Soret band maximum (ε = 131,000 M −1 cm −1 ) and expressed in µmol Hb/kg body weight (small intestine) and in µmol/L pro g tissue weight (other organs).
Free plasma Hb, a measure of hemolysis, was also determined from the absorption of the Hb Soret band, with 0.9% NaCl solution serving as a blank [31, 32] . Plasma (100 µL) from the final blood sample at the end of the experiment was diluted with 900 µL of 0.9% NaCl solution and the Hb concentration in µmol/L was determined as outlined above.
Determination of Tissue Myeloperoxidase (MPO) Activity
As a measure of neutrophils, the activity of myeloperoxidase (MPO) within the organ homogenate supernatant was determined from the H 2 O 2 -dependent oxidation of O-dianisidine [33] . Briefly, the reaction buffer was freshly prepared (315 µM O-dianisidine and 147 µM H 2 O 2 in 50 mM KH 2 PO 4 /K 2 HPO 4 buffer, pH 6.0, 25 • C) and MPO activity determined in duplicate from the colored product formation at 460 nm using a clinical chemistry analyzer (Vitalab Selectra E; VWR International, Darmstadt, Germany). Activities in the small intestine tissue were expressed in U/kg body weight and those in the other organs as U/L pro g tissue weight.
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Statistics
Experiments were performed with eight animals per experimental group. Data are expressed as mean values ± SEM. Comparisons among multiple groups were performed using one-way analysis of variance (ANOVA) either for nonrecurring or for repeated measures followed by Fisher (LSD) post-hoc analysis. A p-value < 0.05 was considered significant.
Results

Effects of Resveratrol on Blood Pressure and other Systemic Parameters
In both sham groups, Sham-NaCl and Sham-R60, the MAP remained stable around 100 mmHg during the whole experimental period (Figure 2 ). Compared to sham rats receiving pure saline, rats infused with resveratrol (60 µg/kg × h) maintained a slightly higher MAP about one hour after application was started. In rats of the shock groups, the MAP was decreased to 25-30 mmHg (Shock-NaCl: 27.5 ± 0.4 mmHg; Shock-R20: 28.0 ± 0.5 mmHg; Shock-R60: 28.3 ± 0.4 mmHg) during shock induction (T = 50-80 min) and remained within this range (Shock-NaCl: 26.2 ± 0.2 mmHg; Shock-R20: 26.4 ± 0.2 mmHg; Shock-R60: 25.7 ± 0.3 mmHg) during the shock phase (T = 80-140 min). Upon resuscitation (T = 140-170 min) with the withdrawn blood plus LR, the MAP in the Shock-NaCl group recovered to 89.0 ± 2.9 mmHg (T = 170 min) and slowly decreased during the following observation period (T = 170-320 min). Animals infused with resveratrol (20 or 60 µg/kg × h), starting with the resuscitation phase, maintained a significantly higher MAP during the post-resuscitation period without significant differences between the two groups. International, Darmstadt, Germany). Activities in the small intestine tissue were expressed in U/kg body weight and those in the other organs as U/L pro g tissue weight.
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Effects of Resveratrol on Blood Pressure and other Systemic Parameters
In both sham groups, Sham-NaCl and Sham-R60, the MAP remained stable around 100 mmHg during the whole experimental period (Figure 2 ). Compared to sham rats receiving pure saline, rats infused with resveratrol (60 μg/kg × h) maintained a slightly higher MAP about one hour after application was started. In rats of the shock groups, the MAP was decreased to 25-30 mmHg (Shock-NaCl: 27.5 ± 0.4 mmHg; Shock-R20: 28.0 ± 0.5 mmHg; Shock-R60: 28.3 ± 0.4 mmHg) during shock induction (T = 50-80 min) and remained within this range (Shock-NaCl: 26.2 ± 0.2 mmHg; Shock-R20: 26.4 ± 0.2 mmHg; Shock-R60: 25.7 ± 0.3 mmHg) during the shock phase (T = 80-140 min). Upon resuscitation (T = 140-170 min) with the withdrawn blood plus LR, the MAP in the Shock-NaCl group recovered to 89.0 ± 2.9 mmHg (T = 170 min) and slowly decreased during the following observation period (T = 170-320 min). Animals infused with resveratrol (20 or 60 μg/kg × h), starting with the resuscitation phase, maintained a significantly higher MAP during the post-resuscitation period without significant differences between the two groups. Effect of continuous intravenous infusions of solvent-free low-dose resveratrol on mean arterial blood pressure (MAP) subsequent to severe hemorrhagic shock in rats. Rats underwent severe hemorrhage (30 min shock induction, I; 60 min shock phase, S), then were resuscitated (within 30 min, R) with the withdrawn blood and lactated Ringer's equal to twice the volume of the withdrawn blood in the absence (Shock-NaCl) or presence of resveratrol (20 or 60 µg/kg × h until the end of the experiment; Shock-R20, Shock-R60) and observed for a further 150 min. Sham animals received either pure 0.9 % NaCl solution (Sham-NaCl) or the higher resveratrol dose (Sham-R60). Mean arterial blood pressure (MAP) was measured in the right femoral artery every 10 minutes. Shown are mean values ± SEM (n = 8 animals per group). SEM values not visible are hidden by the symbols. * p < 0.05 (vs. Shock-NaCl). # p < 0.05 (vs. Sham-NaCl; entire period from the resuscitation). The arrow indicates the start of the resveratrol infusions. The heart rate in the Sham-NaCl and Sham-R60 group remained stable at around 340 beats per minute (bpm) throughout the whole experiment, without a significant difference between both groups. In all shock animals, heart rate decreased significantly to about 230 bpm (Shock-NaCl: 233 ± 8 bpm; Shock-R20: 220 ± 7 bpm; Shock-R60: 242 ± 5 bpm) at the end of the shock induction (T = 80 min) and recovered continuously during the shock period and the resuscitation phase. In the Shock-NaCl group, the heart rate was slightly but significantly higher at the end of the experimental time compared to Sham-NaCl animals (Shock-NaCl: 386 ± 5 bpm; Sham-NaCl: 342 ± 8 bpm; Sham-R60: 354 ± 7 bpm). Compared to shock group animals receiving pure saline, the infusion of resveratrol (20 or 60 µg/kg × h) did not significantly affect the heart rate.
The breathing rates of rats from both sham groups were fairly stable between 50 and 60 breaths per min and did not differ during the experiment. During the shock phase, the breathing rate in all shock groups increased continuously and compared to sham group rats, was significantly higher from T = 210 min (40 min after the resuscitation phase) until the end of the experiment. There was no significant difference regarding the course of breathing rates among rats of the Shock-NaCl, Shock-R20 and Shock-R60 groups.
The rectal temperature of the Sham-NaCl and the Sham-R60 group rats slightly increased by 0.5 • C but remained otherwise stable around 37 • C throughout the whole experiment without significant differences between both groups. During shock induction and the following shock phase, the rectal temperature of all shock group animals significantly decreased by almost 1 • C (T = 140 min: Shock-NaCl: 36.1 ± 0.1 • C; Shock-R20: 36.2 ± 0.1 • C; Shock-R60: 36.2 ± 0.2 • C), but regained the values of both sham groups around 50 minutes after resuscitation. There were no significant differences in rectal temperature among all groups at the end of the experiment.
The peripheral oxygen saturation, as measured via pulse oximetry at the rats left hind limb, was around 99% in both sham groups and did not differ during the entire experiment. In all shock groups, peripheral oxygen saturation was not undetectable after shock induction. During the resuscitation phase, values (≥97%) reappeared, but from 50 min after the resuscitation period (T = 220 min) until the end of the experiment, peripheral oxygen saturation was again not detectable in 67% of the animals of the Shock-NaCl group. In animals of the Shock-R20 and Shock-R60 groups, peripheral oxygen saturation, however, was detectable in 80.7% and 69.3%, respectively, of the animals during the same period.
Effect of Resveratrol on Parameters of the Acid-Base Status and on pO 2
Arterial blood pH and BE in rats of the two sham groups hardly changed during the experiment and were in the physiological range at the end of the observation time without a significant difference among both groups ( Table 1 ). The pCO 2 continuously dropped during the experiment from 58.1 ± 1.8 mmHg (Sham-NaCl) and 52.9 ± 0.6 mmHg (Sham-R60) to 43.8 ± 2.4 mmHg (Sham-NaCl) and 42.3 ± 2.7 mmHg (Sham-R60) without a significant difference between both groups. Similarly, the pO 2 constantly dropped during the first half of the experimental period but increased again in the second half and at the end of the experiment was not significantly different compared to the initial values. In the Shock-NaCl group, the pH dropped down to 7.15 ± 0.01 during shock induction and the shock phase, remained at that level upon resuscitation and slightly increased during the following observation period, thereby reaching a final value that was not significantly different from that of the Sham-NaCl group (Table 1) . The pCO 2 significantly dropped upon both shock induction and the shock phase, rapidly increased during the resuscitation phase, but decreased again in the following observation phase; pCO 2 was significantly lower in the final blood sample compared to sham group rats. The pO 2 in the Shock-NaCl group increased during the experiment but was not different from animals of both sham groups at the end of the experiment. The BE rapidly dropped significantly upon shock induction and reached its lowest value at the end of the shock phase (−14.3 ± 0.9 mmol/L), but then increased to −9.4 mmol/L at the end of the observation phase, indicating (in line with the altered pH, pCO 2 , breathing rate and pO 2 ) a metabolic acidosis that was insufficiently respiratory compensated. Compared to the values of the Shock-NaCl group, both resveratrol infusions had no significant effect on the alterations in pH, pCO 2 , BE and pO 2 (Table 1) . In contrast to its effects on pulse oximetry (see above), resveratrol did not alter central arterial oxygen saturation as measured via blood gas analysis (Table 1) . Table 1 . Effect of continuous intravenous infusions of solvent-free low-dose resveratrol on parameters of blood gas analysis and coagulation subsequent to severe hemorrhagic shock in rats. Rats underwent severe hemorrhage (30 min shock induction, 60 min shock phase), then were resuscitated within 30 min with the withdrawn blood and lactated Ringer's equal to twice the volume of the withdrawn blood (30 min) in the absence (Shock-NaCl) or presence of resveratrol (20 or 60 µg/kg × h until the end of the experiment; Shock-R20, Shock-R60) and observed for a further 150 min. Sham animals received either pure 0.9% NaCl solution (Sham-NaCl) or the higher resveratrol dose (Sham-R60). Parameters of blood gas analysis (pH; oxygen and carbon dioxide partial pressure, pO 2 , pCO 2 ; base excess, BE; hemoglobin, Hb; hematocrit, Hct; oxygen saturation, sO 2 ), electrolytes (K + , Na + , Ca 2+ , Cl − ) and of coagulation (prothrombin time; international normalized ratio, INR; platelets count) were determined from final arterial blood samples as obtained immediately before rats were sacrificed. Shown are mean values ± SEM (n = 8 animals per group). * p < 0.05 (vs. Shock-NaCl).
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Effect of Resveratrol on Blood Hemoglobin and Hematocrit
In the Sham-NaCl and the Sham-R60 group, basal values of blood Hb concentration and Hct, as determined from the first arterial blood sample, were around 13.5 mg/dL and 41%, respectively. The values slightly decreased without a difference between both groups to the end of the experiment due to the withdrawal of blood samples (Table 1) . Arterial oxygen saturation was stable within the physiological range (≥97%) at any time without differences among both groups. In rats of the Shock-NaCl group, the Hb and Hct significantly dropped during shock induction and remained at these values (8.5 ± 0.2 mg/dL; 26.5 ± 0.6%) until the end of the shock period. During the resuscitation and the following observation period, the Hb and Hct significantly increased again, reaching values at the end of the experiment that were similar to the values before shock induction and slightly higher than those in the Sham groups (Table 1) . In rats infused with 20 or 60 µg resveratrol/kg × h, this course of both the Hb and Hct remained unaffected by the polyphenol (Table 1) .
Effect of Resveratrol on Plasma Electrolyte Concentrations
In both sham groups, plasma concentrations of potassium (K + ), sodium (Na + ), calcium (Ca 2+ ) and chloride (Cl − ) remained in the physiological range during the experiment and did not differ in (Table 1) . Hemorrhagic shock resulted in a significant increase in K + and Cl − , which remained elevated until the end of the experiment (Table 1) . Calcium concentrations were significantly decreased after resuscitation but regained pre-shock values at the end of the experimental period without a significant difference compared to both sham groups. The blood Na + concentration was not significantly affected by shock or resuscitation. Neither the course of these shock-induced alterations in plasma electrolytes nor the final values were affected by any resveratrol dose (Table 1) .
Effect of Resveratrol on Prothrombin Time, INR and Thrombocyte Count
Prothrombin time, INR and platelet count, as determined at the end of the experiments, were not significantly altered by resveratrol in sham animals ( Table 1 ). In rats of the Shock-NaCl group, prothrombin time and the number of platelets were significantly decreased, and the INR increased. In shock animals receiving resveratrol, these changes were lower but significant only for the thrombocyte count and INR in the Shock-R20 group (Table 1 ).
Effect of Resveratrol on Tissue Parameters of Organ Injury
In animals of both the Sham-NaCl and the Sham-R60 group, the macroscopic injury score of the small intestine was close to zero, and the MPO activity as well as the tissue Hb content of the small intestine, liver, lung and kidney were low ( Figure 3 ). There were no significant differences between all these parameters among animals of both groups. Hemorrhagic shock and resuscitation resulted in a significant increase in the macroscopic score of the small intestine as well as in the tissue MPO activity and Hb content of all organs from the Shock-NaCl group animals, indicating invasion of neutrophils and tissue hemorrhage. In rats of the Shock-R20 and Shock-R60 groups, most of these shock-induced alterations were significantly diminished in the small intestine, liver and lung ( Figure 3A1-A3,B1,B2,C1,C2 ). In the kidney, shock-induced alterations in tissue MPO activity and Hb concentration were not significantly diminished by any resveratrol dose (Figure 3 ).
Effect of Resveratrol on Plasma Parameters of Organ Injury
In sham group rats, plasma activities of AST, ALT (Figure 4 ), LDH and CK ( Figure 5 ), as well as creatinine concentration, did not change significantly throughout the experiment and were not affected by resveratrol. In the Shock-NaCl group, all these parameters increased strongly and significantly during the resuscitation period and thereafter until the end of the experiment (final plasma value for creatinine: 1.38 ± 0.11 mg/dL). These alterations in AST and ALT activity were decreased but only significantly so for AST activity by both resveratrol doses (Figure 4) .
The shock-induced increases in LDH and CK ( Figure 5 ) activity as well as the creatinine concentration were not significantly affected by the polyphenol. In sham group animals, resveratrol administration did not have any effect on CK-MB as determined from final plasma samples at the end of the experiment (Figure 6 ). Shock resulted in a significant increase in CK-MB, which was significantly diminished by resveratrol without a significant difference between both doses ( Figure 6 ). Figure 3 . Effect of continuous intravenous infusions of solvent-free low-dose resveratrol on tissue parameters of organ injury subsequent to severe hemorrhagic shock in rats. Rats underwent severe hemorrhage (30 min shock induction, 60 min shock phase), then were resuscitated within 30 min with the withdrawn blood and lactated Ringer's equal to twice the volume of the withdrawn blood in the absence (Shock-NaCl) or presence of resveratrol (20 or 60 μg/kg × h until the end of the experiment; Shock-R20, Shock-R60) and observed for a further 150 min. Sham animals received either pure 0.9% NaCl solution (Sham-NaCl) or the higher resveratrol dose (Sham-R60). The macroscopic injury score of the small intestine (A1), as well as tissue myeloperoxidase (MPO) activity and hemoglobin (Hb) content of the small intestine (A2,A3), the left lobe of the liver (B1,B2), the left lung lobe (C1,C2) and the left kidney (D1,D2) were determined instantly after the animals were sacrificed at the end of the experiment. Shown are mean values ± SEM (n = 8 animals per group). * p < 0.05 (vs. Shock-NaCl).
The concentration of free plasma Hb, measured to determine the rate of hemolysis in the final blood sample, was low and not different in both sham groups (Figure 7) . Hemorrhagic shock induced a more than 4-fold increase in free plasma Hb (Shock-NaCl group), which was significantly diminished by both resveratrol doses with a nearly identical efficacy (Figure 7) . Effect of continuous intravenous infusions of solvent-free low-dose resveratrol on tissue parameters of organ injury subsequent to severe hemorrhagic shock in rats. Rats underwent severe hemorrhage (30 min shock induction, 60 min shock phase), then were resuscitated within 30 min with the withdrawn blood and lactated Ringer's equal to twice the volume of the withdrawn blood in the absence (Shock-NaCl) or presence of resveratrol (20 or 60 µg/kg × h until the end of the experiment; Shock-R20, Shock-R60) and observed for a further 150 min. Sham animals received either pure 0.9% NaCl solution (Sham-NaCl) or the higher resveratrol dose (Sham-R60). The macroscopic injury score of the small intestine (A1), as well as tissue myeloperoxidase (MPO) activity and hemoglobin (Hb) content of the small intestine (A2,A3), the left lobe of the liver (B1,B2), the left lung lobe (C1,C2) and the left kidney (D1,D2) were determined instantly after the animals were sacrificed at the end of the experiment. Shown are mean values ± SEM (n = 8 animals per group). * p < 0.05 (vs. Shock-NaCl).
The concentration of free plasma Hb, measured to determine the rate of hemolysis in the final blood sample, was low and not different in both sham groups (Figure 7) . Hemorrhagic shock induced a more than 4-fold increase in free plasma Hb (Shock-NaCl group), which was significantly diminished by both resveratrol doses with a nearly identical efficacy (Figure 7) . Effect of continuous intravenous infusions of solvent-free low-dose resveratrol on the free plasma hemoglobin concentration (hemolysis) subsequent to severe hemorrhagic shock in rats. Rats underwent severe hemorrhage (30 min shock induction, 60 min shock phase), then were resuscitated within 30 min with the withdrawn blood and lactated Ringer's equal to twice the volume of the withdrawn blood in the absence (Shock-NaCl) or presence of resveratrol (20 or 60 μg/kg × h until the end of the experiment; Shock-R20, Shock-R60) and observed for a further 150 min. Sham animals received either pure 0.9% NaCl solution (Sham-NaCl) or the higher resveratrol dose (Sham-R60). The free hemoglobin (Hb) concentration was determined in plasma from final blood samples as obtained immediately before rats were sacrificed. Shown are mean values ± SEM (n = 8 animals per group). * p < 0.05 (vs. Shock-NaCl).
Effect of Resveratrol on Plasma Glucose and Lactate Concentrations
Plasma glucose and lactate concentrations in both sham groups remained fairly constant throughout the experiment and were independent of the presence of resveratrol (Figure 8 ). In the Effect of continuous intravenous infusions of solvent-free low-dose resveratrol on the free plasma hemoglobin concentration (hemolysis) subsequent to severe hemorrhagic shock in rats. Rats underwent severe hemorrhage (30 min shock induction, 60 min shock phase), then were resuscitated within 30 min with the withdrawn blood and lactated Ringer's equal to twice the volume of the withdrawn blood in the absence (Shock-NaCl) or presence of resveratrol (20 or 60 μg/kg × h until the end of the experiment; Shock-R20, Shock-R60) and observed for a further 150 min. Sham animals received either pure 0.9% NaCl solution (Sham-NaCl) or the higher resveratrol dose (Sham-R60). The free hemoglobin (Hb) concentration was determined in plasma from final blood samples as obtained immediately before rats were sacrificed. Shown are mean values ± SEM (n = 8 animals per group). * p < 0.05 (vs. Shock-NaCl).
Plasma glucose and lactate concentrations in both sham groups remained fairly constant throughout the experiment and were independent of the presence of resveratrol (Figure 8 ). In the Figure 7 . Effect of continuous intravenous infusions of solvent-free low-dose resveratrol on the free plasma hemoglobin concentration (hemolysis) subsequent to severe hemorrhagic shock in rats. Rats underwent severe hemorrhage (30 min shock induction, 60 min shock phase), then were resuscitated within 30 min with the withdrawn blood and lactated Ringer's equal to twice the volume of the withdrawn blood in the absence (Shock-NaCl) or presence of resveratrol (20 or 60 µg/kg × h until the end of the experiment; Shock-R20, Shock-R60) and observed for a further 150 min. Sham animals received either pure 0.9% NaCl solution (Sham-NaCl) or the higher resveratrol dose (Sham-R60). The free hemoglobin (Hb) concentration was determined in plasma from final blood samples as obtained immediately before rats were sacrificed. Shown are mean values ± SEM (n = 8 animals per group). * p < 0.05 (vs. Shock-NaCl).
Plasma glucose and lactate concentrations in both sham groups remained fairly constant throughout the experiment and were independent of the presence of resveratrol (Figure 8 ). In the Shock-NaCl group, glucose concentration strongly increased during shock induction, then dropped in the further course of the experiment, and finally reached a significantly lower value than in sham group animals ( Figure 8A) . Also, the plasma lactate concentration significantly increased upon induction of hemorrhagic shock, reaching its highest value at the end of the shock phase before it declined to a concentration only slightly but still significantly higher than the one observed in sham group rats ( Figure 8B ). No dose of resveratrol resulted in a significant effect on the course of shock-and resuscitation-induced alterations in glucose and lactate concentrations. Shock-NaCl group, glucose concentration strongly increased during shock induction, then dropped in the further course of the experiment, and finally reached a significantly lower value than in sham group animals ( Figure 8A) . Also, the plasma lactate concentration significantly increased upon induction of hemorrhagic shock, reaching its highest value at the end of the shock phase before it declined to a concentration only slightly but still significantly higher than the one observed in sham group rats ( Figure 8B ). No dose of resveratrol resulted in a significant effect on the course of shockand resuscitation-induced alterations in glucose and lactate concentrations. 
Discussion
Our results indicate that very low doses of resveratrol, continuously infused during resuscitation after severe hemorrhagic shock, can significantly improve impaired systemic parameters and attenuate multiple organ damage in an exacerbated rat model that is close to the clinical situation.
In previous studies focusing on distinct organs subsequent to hemorrhagic shock such as the lung [34] , liver [13] [14] [15] [16] [17] [18] , kidney [17, 19] , ASMC [14, 20] , intestine [21, 22] or heart [23] [24] [25] [26] , the protective effects of resveratrol have been examined. The shock duration ranged from 60 up to 120 min with intravenously administered resveratrol doses between 8 and 30 mg/kg given in a single bolus. These studies used a fixed pressure model with a mean arterial blood pressure (MAP) above 30 mmHg (mostly 40 mmHg). In our studies, we used an MAP of 25-30 mmHg, which was shown to maximize effects on organ dysfunction and injury [11] , achieving conditions similar to stage IV hemorrhagic shock in humans [1] .
To dissolve more than 3 mg resveratrol in 100 mL aqueous solution, solvents vehicles are needed. So far, in nearly all animal studies examining the efficacy of resveratrol in preventing detrimental effects of hemorrhagic shock, dimethyl sulfoxide (DMSO) was added as a solubilizer [13] [14] [15] [16] [17] [19] [20] [21] [23] [24] [25] [26] 34, 35] . DMSO itself has been reported to have anti-inflammatory, anti-thrombotic, anti-proliferative as well as free radical scavenging properties in different disorders, shown in various animal and human studies [27, 36, 37] . Of course, these vehicle actions can interfere with 
To dissolve more than 3 mg resveratrol in 100 mL aqueous solution, solvents vehicles are needed. So far, in nearly all animal studies examining the efficacy of resveratrol in preventing detrimental effects of hemorrhagic shock, dimethyl sulfoxide (DMSO) was added as a solubilizer [13] [14] [15] [16] [17] [19] [20] [21] [23] [24] [25] [26] 34, 35] . DMSO itself has been reported to have anti-inflammatory, anti-thrombotic, anti-proliferative as well as free radical scavenging properties in different disorders, shown in various animal and human studies [27, 36, 37] . Of course, these vehicle actions can interfere with effects originating from the applied polyphenol. In the present study, resveratrol was continuously infused over 30 min following hemorrhage shock, instead of a single bolus administration as performed in all the corresponding studies. The lower resveratrol concentration (1.2 mg resveratrol in 100 mL 0.9% NaCl) allowed us to avoid co-administration of the biologically active solvent DMSO.
Putative Mechanisms of Protection: Systemic Parameters
The drop in systemic blood pressure during hemorrhagic shock is registered by baroreceptors mainly placed in the carotid bulb and results in an activation of the sympathetic nervous system to maintain the perfusion pressure of the most vital organs. A pre-and post-capillary constriction in organs mostly expressing alpha receptors, i.e., in so-called shock organs (kidney, muscle, intestine, liver), follows in favor of the perfusion in brain and heart, which mostly express beta receptors.
In our experiments, shock was induced by reducing the mean arterial blood pressure to 25-30 mmHg, which usually leads to a centralization of the reaming circulating blood by increasing the total peripheral resistance (TPR) through sympathomimetic effects to maintain the cardiac output (Q). In this context, the cardio-and vascular-protective potential of resveratrol is known to stabilize the cardiac output [20, [23] [24] [25] 38] . In line with this, in the present study, the MAP after resuscitation was stabilized in animals from the Shock-R20 and Shock-R60 groups (Figure 2 ). Hemorrhagic shock causes mitochondrial damage and thus decreases ATP synthesis. Decreased ATP levels result in activation of ATP-sensitive potassium channels (KATP), eventually causing hyperpolarization and thus inhibition of L-type calcium channels. This leads to a reduced influx of Ca 2+ and attenuates contraction of the ASMC. The consequence is hypotension, persisting even after reperfusion. Resveratrol improves mitochondrial function and preserves contractibility of ASMC [20, 38] .
Thus, both mechanisms, the stabilization of the cardiac output and preserved contractibility of the ASMC, may be responsible for the higher MAP of those animals receiving resveratrol.
Putative Mechanisms of Organ Protection
Hemorrhagic shock caused a significant increase in the macroscopic score of the small intestine as well as in tissue MPO activity and tissue Hb content of all organs from the Shock-NaCl group animals (Figure 3 ), indicating invasion of neutrophils and tissue hemorrhage.
Myeloperoxidase (MPO) is a mammalian peroxidase that is found in neutrophils and to a lesser extent in monocytes. Its primary function is to kill microorganisms by forming highly reactive halide chloride derived oxidants. The MPO-H 2 O 2 -chloride system produces hypochlorous acid (HClO) from hydrogen peroxide (H 2 O 2 ) and the chloride anion (Cl − ) during the respiratory burst. Unfortunately, an artificial release of this oxidant to the outside of the cell can damage normal tissue and aggravate injury in organs [39] . Comparing the effect of resveratrol on distinct shock organs, i.e., small intestine, liver, kidney and lung following hemorrhagic shock, the small intestine and liver were found to be protected best; both MPO and tissue Hb were significantly lower in the presence of both polyphenol doses (Figure 3) . In previous studies, we already demonstrated that infusions of solvent-free low doses of resveratrol protect the small intestine against ischemia/reperfusion injury in a model of severe intestinal injury in rats [29] .
Trauma-hemorrhage is known to increase the expression of pro-inflammatory mediators, such as the early mediator interleukin 6 (IL-6), which increases the expression of other cytokines, chemokines and adhesion molecules. Yu et al. found an increased activity of the cytokine-induced neutrophil chemoattractants 1 and 3 (CINC-1 and CINC-3) after hemorrhagic shock, which are important chemotactic factors for neutrophils, and the intercellular adhesion molecule 1 (ICAM-1), known to be an important adhesion molecule for neutrophils to leave the bloodstream and invade tissues [13] .
CINC-1, CINC-3 and ICAM-1, as well as the cytokine tumor necrosis factor alpha (TNF-α), were significantly decreased by resveratrol (30 mg/kg), probably via an estrogen receptor-dependent up-regulation of hemoxigenase-1 (HO-1) [13, 15, 21] . Our results indicate that even low doses of the polyphenol (0.06 or 0.18 mg/kg), continuously infused intravenously, diminish liver and intestinal injury by attenuating neutrophil invasion and thus tissue hemorrhage, as indicated by the decreased tissue MPO activity and tissue Hb concentrations, macroscopic score of the intestine (Figure 3) as well as markers of hepatic injury (Figure 4) .
Resveratrol has already been shown to reduce acute lung injury in different models [40] [41] [42] . In our present study, resveratrol attenuated shock-induced lung damage ( Figure 3C ), likely via a pathway similar to the one protecting the liver and small intestine [34] , though the injury of these organs was much more evident.
The daily resveratrol dose failing any observable adverse effects in rats has been reported to be as high as 300 mg/kg, and the kidney was found to be the major target of organ toxicity in animals treated with 3 g/kg [43] . Hemorrhagic shock results in reduced organ perfusion, including the kidney and eventually leads to acute renal injury, which is first due to the low blood volume, low blood pressure and thus low perfusion pressure, exacerbated by intrarenal damages, e.g., due to inflammatory processes. Resveratrol has been shown to have salutary effects on the kidney following trauma hemorrhage in higher concentrations [17, 19] . In the present study, the MPO activity was non-significantly diminished by the higher resveratrol dose ( Figure 3D1 ), and the tissue Hb content was not affected by any resveratrol dose ( Figure 3D2 ). MPO, a highly cationic protein, is known to bind to the negatively charged glomerular basement membrane through ionic bonds [39] . Shock and reperfusion prime inflammatory cells for increased responsiveness. Oxidative stress, including H 2 O 2 , released by inflammatory cells rises, which, together with the now bound MPO enzyme, may additionally damage the kidney.
Resveratrol is reported to enhance the expression and activity of the endothelial nitric oxide synthase (eNOS) [44] [45] [46] . Stimulated eNOS activity increases endothelial nitric oxide (NO) by oxidation of the amino acid L-arginin to citrullin and NO. Increased NO concentration results in relaxation of smooth muscle cells, reduction of TPR and thus improved organ perfusion. In our experiments, the polyphenol protected the heart, indicated by a significant reduction of the MB-fraction of the CK ( Figure 6 ) and hence contributes to a better cardiac output with further stabilization of the MAP.
Price et al. have described dose-dependent effects of resveratrol on mitochondrial function via a PGC-1α-dependent pathway [47] . Recent studies indicate that the activation of SIRT1 by low resveratrol doses plays an important role in this pathway explaining pleotropic effects of resveratrol on different organs in hypoxia, ischemia and reperfusion [48] . Our data support the idea that very low doses of resveratrol ameliorate mitochondrial function via a SIRT1-dependent pathway; however, other pathways outlined above and below may contribute to the protective effects observed.
Role of Acid Base and Metabolic State in Organ Protection
The shock-induced alterations in pH, pCO 2 and BE in line with the increased breathing rate in shock group animals indicated a respiratory compensated metabolic acidosis that was not affected by any resveratrol dose. The fairly equal blood electrolyte, glucose and lactate concentrations in shock group animals treated or untreated with resveratrol as well cannot explain the protective effects of the polyphenol on impaired systemic parameters and parameters of organ injury.
The blood Hb concentration and consequently the Hct in shock group animals significantly increased starting with the resuscitation phase, reaching values at the end of the experiment that were significantly higher than those in Sham-NaCl group rats. These alterations increase blood viscosity, thus decrease blood flow velocity and are likely to be the result of a fluid shift into the interstitial space causing edema. Blood Hb and Hct remained slightly but not significantly lower in rats infused with 60 µg resveratrol/kg × h (Table 1) . Tissue edema can additionally impair the outcome by e.g., increasing the diffusion barrier of the lung.
Coagulation
Prothrombin time and INR are measures of the extrinsic pathway of coagulation. Tissue factor (TF) is a membrane-bound protein and together with factor VII, the key trigger of the extrinsic pathway of coagulation. TF resides on the surface of sub-endothelial cells that are usually not in contact with the circulating blood [49] . Injury or inflammatory mediators, which expose TF to the circulating blood, result in aggregation of thrombocytes and potentially vascular occlusion [50] . Activation of Sirtuin 1 (SIRT1) impairs TF protein expression and activity by decreasing NFκB/p65 activation [51] . Inflammatory mediators such as tumor necrosis factor alpha (TNF-α) are known to increase TF expression and activity in monocytes, macrophages, endothelial cells and vascular smooth muscle cells [52] . Resveratrol is assumed to activate SIRT1 [45] and eventually mitochondrial superoxide dismutase (MnSOD) [53] and thus has an important role in antioxidant defense. SIRT1 also deacetylates the eNOS, which diminishes the TF activity even further as outlined above. As resveratrol is known to increase eNOS activity [45, 46] and to decrease inflammatory mediators such as TNF-α, it may diminish coagulation, thus improving perfusion, which eventually protects from organ injury.
In our experiments, shock resulted in a significantly decreased prothrombin time, an increased INR and a decreased platelet count in animals from the Shock-NaCl group, indicating a worsened coagulation state with an increased risk of bleeding (Table 1) .
In line with the considerations outlined above, resveratrol significantly attenuated these changes in INR and platelet count in the Shock-R20 group.
Calcium concentrations were significantly decreased after resuscitation due to the citrate contained in ACD solution A, which was used to achieve anticoagulation of the withdrawn blood. One advantage of citrate as an anticoagulant is the lack of systemic anticoagulation, known to result from anticoagulants like heparin with the risk of further hemorrhage especially under circumstances with an impaired coagulation state [54] .
The considerably increased free plasma Hb concentration (4-fold) indicating hemolysis after hemorrhagic shock was significantly diminished by both resveratrol doses ( Figure 7 )-an effect that already has been reported on in vitro erythrocytes [55] and in rats following severe acute pancreatitis [56] . Hemolysis may additionally facilitate platelet clumping in the microcirculation and thus promote organ dysfunction. Reduced hemolysis can further improve oxygen supply of impaired organs and particularly attenuate organ injury by free Hb.
Taken together, animals from both resveratrol groups, Shock-R20 and Shock-R60, maintained a higher MAP as well as a more often detectable peripheral oxygen saturation. This strongly suggests that an increased cardiac output (Q), an improved perfusion of the peripheral vascular system by a better relaxation through the eNOS-system, an increased mitochondrial function in ASMC's, decreased inflammatory effects as well as diminished thrombotic events on different organs may explain the protective effects of resveratrol following hemorrhagic shock. Considering the low doses of resveratrol administered, our data suggest that the combination of these salutary effects of the polyphenol more likely explains its protective effects following severe shock than antioxidant mechanisms, such as radical scavenging.
Resveratrol is widely used as a supplement and is not regulated by the Food and Drug Administration (FDA). Other polyphenols like polydatin also show promising effects in trauma hemorrhage [18, 20] .
Conclusions
We are the first to show the salutary effects on different organs and systemic parameters of continuous intravenous infusions of solvent-free low-dose resveratrol following severe hemorrhagic shock. We hypothesize that the concentrations of resveratrol used in our experiments were too low, and the application period too short to explain the considerable protective effects of resveratrol by its known radical scavenging capabilities. We rather hypothesize that the effects of resveratrol after hemorrhagic trauma result from its anti-inflammatory potential as well as positive effects on MAP and organ perfusion.
